Abstract-A ten-user truly asynchronous gigabit coherentoptical-code-division-multiple-access (OCDMA) transmission was experimentally demonstrated without using any timing coordination. The enabling technologies are a record-length 511-chip superstructured-fiber-Bragg-grating (SSFBG) en/decoder and a supercontinuum (SC)-based optical-thresholding technique to significantly suppress the signal interference beat noise as well as the multiple-access-interference (MAI) noise.
I. INTRODUCTION
O PTICAL access networks have been developed at a rapid pace, particularly in Japan, where fiber-to-the-home (FTTH) service provisioning has gained momentum; and it is expected that 30 million customers will switch from plain old telephone service (POTS) to FTTH by 2010 [1] . Although several network topologies can be used for FTTH, including single star (SS), active double star (ADS), and passive double star (PDS), PDS is generally used because of its low-cost and flexible configuration. In a PDS network, a passive splitter is placed between the optical line terminal (OLT) in the central office and the optical network unit (ONU) at each user's location. Each ONU (i.e., user) shares an optical fiber between the OLT and a splitter. A PDS network is also called a passive optical network (PON) [1] , [2] .
There are various types of PONs, with each type depending on the signal-multiplexing technique used. In time division multiple access (TDMA) utilizing a time-division-multiplexing (TDM) technique, N time slots are assigned to N users. However, the increase of bit rate is limited by the bandwidth limitations of the electronics, and only synchronous networks can be configured. In wavelength division multiple access (WDMA), a wavelength is assigned to each user; so bandwidth is used efficiently, and asynchronous transmission is supported [1] - [3] . However, the presently available coarse-wavelengthdivision-multiplexing (CWDM) technique supports only 18 wavelengths; so it is not well suited to existing PON systems, which normally has up to 32 users. In addition, increasing the number of users increases the equipment costs. A promising approach to reducing the cost in next-generation access systems is optical code division multiple access (OCDMA) due to its simple ONU and OLT configurations, which require no electronics for synchronization. Moreover, attractive features of OCDMA include all-optical processing (which means the en/decoding operation is performed in the optical domain), truly asynchronous transmission, bandwidth efficiency, soft capacity on demand, protocol transparency, simplified network control, and flexibility of controlling the quality of service (QoS) [1] , [4] - [8] .
The several different OCDMA schemes that have been proposed can be roughly classified according to their operation principles as either incoherent or coherent OCDMA [7] - [9] . These OCDMA schemes, which use various coding and detection schemes, have been investigated since the mid-1980s [10] . Recently, coherent OCDMA using ultrashort optical pulse has been receiving increasing attention due to the advances in reliable and compact en/decoder devices and detection schemes [7] - [9] , [11] - [15] .
In this paper, we present a ten-user truly asynchronous gigabit coherent-OCDMA transmission experiment demonstrated for the first time. The enabling techniques are a record-length 511-chip superstructured-fiber-Bragg-grating (SSFBG) en/decoder and a supercontinuum (SC)-based opticalthresholding technique to significantly suppress the signal interference beat noise as well as multiple-access-interference (MAI) noise.
II. OCDMA-PON SYSTEM
In OCDMA systems, a different optical code (OC) is assigned to each user, and the central office has all of the OC information. The architecture of a common OCDMA-PON system is shown in Fig. 1 . Direct connections between users within the network are not assumed in this architecture. In the downlink, the central office encodes the signal using the code assigned to the destination user, so only that user can decode the signal. In the uplink, all users can simultaneously transmit signals to the central office at anytime because each has a different OC [5] .
As mentioned above, OCDMA schemes are classified based on their operation principle as either incoherent or coherent OCDMA. Incoherent schemes, which work on an intensity basis, process coding in a unipolar (0, 1) manner. Coherent ones, which work on a field amplitude basis, process coding in a bipolar (−1, +1) manner. In terms of correlation property, coherent schemes are better and have been used in recent OCDMA research and development [7] , [9] , [11] - [17] . The en/decoders that can generate bipolar code include planar lightwave circuit (PLC) [7] , [16] and SSFBG. SSFBG en/decoders can simplify the network system entirely and reduce network costs [4] , [9] , [12] , [14] , [17] , [18] .
The performance of OCDMA systems is degraded by MAI and beat noises [19] - [21] . Here, the MAI and beat noises refer to the incoherent and coherent part of the noises, respectively, as discussed in [21] . Therefore, a way to overcome these drawbacks is as essential as the key technologies. The use of en/decoders with ultralong code [20] , time gating [7] , [22] , and optical thresholding [11] - [14] , [19] , [20] , [23] have been proposed to reduce the MAI noise in OCDMA systems. Longer code and synchronized OCDMA can be used to reduce beat noise. However, in synchronized OCDMA, the signal and each interference have to be precisely aligned to avoid the overlap between them. Therefore, in practice, it is almost impossible to control the optical path within chip-length order through the network [21] . Moreover, it requires timing coordination in the system and sacrifices the asynchronism of the OCDMA. For a practical OCDMA system, "asynchronism" is essential. Using longer code is an effective means to reduce the beat noise as well as the MAI noise. In this report, we use a 511-chip SSFBG, which exhibits the longest code presently [18] .
III. KEY TECHNOLOGIES

A. 511-Chip SSFBG En/Decoder
An SSFBG is an FBG in which the refractive index modulation varies rapidly and the refractive index modulation profile varies slowly along its length; that is, it functions as a series of various uniform FBGs. SSFBGs can be designed and fabricated with a refractive index modulation profile inserting phase shifts (0 or π) between different segments, as shown in Fig. 2 . Such a phase-shifted SSFBG can generate a series of coherent chip pulses by injecting a short optical pulse. The phase of the pulses is determined by the pattern of the phase shifts. Therefore, SSFBG en/decoders can generate a bipolar code and provide a good auto/cross correlation property [9] , [17] , [18] . The correlation property gets better with the longer code length. Using a holographic technique to fabricate SSFBGs enables them to be fabricated with a long code and a variable code pattern [18] .
For our experiment, we fabricated the 511-chip binary-phaseshift-key (BPSK) SSFBGs with a Gold-code pattern and a chip-rate as high as 640 Gchip/s. The reflection spectrum for a 511-chip SSFBG is shown in Fig. 3(a) . Fig. 3(b) and (c) show the second-harmonic-generation (SHG) trace and the waveform of the input pulse, and Fig. 3(d) shows the waveform of the encoded signal. The pulses with a width equal to the chip duration (∼ 1.8 ps) were spread over the bit interval of 800 ps. Fig. 3 (e) and (f) show the auto-and cross-correlation waveforms after the SSFBG decoder. These results show better correlation properties than the other en/decoders, such as PLC [9] , [18] . They are independent of the polarization state of the input signal, indicating that the SSFBGs were fabricated well [18] . These are the longest code so far, enabling us to challenge a truly asynchronous OCDMA.
B. SC-Based Optical Thresholding
The existence of MAI noise and beat noise in multiuser OCDMA networks severely limits the maximum number of active users [20] , [21] . As mentioned above, time gating can be used to reduce MAI noise. The idea is to open the time window the moment the autocorrelation main lobe passes [7] , [22] . However, an OCDMA system with timing coordination does not feature asynchronous transmission. A promising approach to overcoming this problem is to apply optical thresholding, which only uses passive optical devices for asynchronous OCDMA systems. Optical thresholding has been used in multiuser OCDMA experiments, such as SHG in periodically poled lithium niobate (PPLN) [11] , nonlinear optical loop mirror (NOLM) [12] , nonlinear effect in dispersion shift fiber [19] , [20] , high nonlinear fiber (HNLF) [13] , [23] , and holey fiber [14] .
We propose optical thresholding based on SC generation in dispersion flattened fiber (DFF) to suppress MAI noise effectively. SC is a phenomenon in which the bandwidth of an optical short pulse broadens over more than 100 nm [24] . The proposed SC-based optical thresholder is shown in Fig. 4 . It is composed of a 2-km DFF and a 5-nm optical bandpass filter (OBPF). Specifications of DFF include zero-dispersion wavelengths of 1523.1/ 1575.2 nm [25] and an Aeff of about 24. The operating principle is that the EDFA boosts the decoded signal to a proper level, which has a well-defined shape, with a ∼ 2-ps pulsewidth [shown in Fig. 3(b) ]. A signal with high peak power can generate SC in the DFF, while incorrectly decoded signals (MAI noise) with low peak power are spread over a long time span and are thus unable to generate SC. The OBPF only passes SC signals and rejects the original signal. Therefore, after a bandpass filter (BPF), the correctly decoded signal can be recovered without the MAI noise. However, beat noise cannot be suppressed by optical thresholding and is thus a critical issue limiting system performance. The only effective method for reducing beat noise is to use a longer code [21] . Thus, a ten-user-truly asynchronous OCDMA system can be realized by using 511-chip SSFBG en/decoders and optical thresholding. 
IV. TEN-USER TRULY-ASYNCHRONOUS OCDMA
TRANSMISSION EXPERIMENT Fig. 5 shows our experimental setup for demonstrating a ten-user truly asynchronous OCDMA transmission. An optical pulse train with a pulsewidth of about 1.8 ps was generated by a mode-locked laser diode (MLLD). The center wavelength was 1550 nm, and the repetition rate was 10 GHz. The train was converted to a 2 3 − 1 pseudorandom bit sequence (PRBS) at 1.25 Gb/s by LiNbO 3 intensity modulators (LN-IM). Its eye diagram is shown in Fig. 5(a) . The amplified optical signal was equally split into ten arms and encoded using ten different SSFBG encoders. Fig. 5(b) shows the signal encoded by encoder 1. These encoders (code 1-10) were designed to have a relatively low cross-correlation level. A tunable attenuator (ATT) with a switch was inserted into each arm to balance the optical power levels across the arms and to adjust the number of active users. Tunable optical delay lines (TODL) were used to investigate the impact of different phases of signal-interference overlapping. Polarization controllers (PC) were used to investigate the system performance in the worst case scenario in which the polarization states of all signals are aligned. These encoded signals were mixed [as shown in Fig. 5(c) ] for different numbers of users, amplified, and launched into a single mode fiber (SMF) and a reverse dispersion fiber (RDF). On the receiver side, the amplified signal was decoded by an SSFBG decoder.
We prepared four decoders (code 1, 2, 4, 9). Fig. 6(a) shows the eye diagrams of the decoded signals for different numbers of users for decoder 1. As the number increased, the MAI and beat noises became more prominent. Therefore, we employed optical thresholding by using SC generation in the DFF for the decoded signal with low signal-to-noise ratio (SNR). The amplified signal was launched into a 103-m RDF to compensate for the chirp and then into the DFF. The pulse, which had a well-defined shape with a ∼ 2-ps pulsewidth and high peak power, was able to generate an SC in the DFF. In contrast, the MAI noise with low peak power was unable to generate SC, which remained in the vicinity of 1550 nm. Table I shows the power input into the DFF for different numbers of users for decoder 1. After the DFF, the OBPF cuts out only the signal component. Fig. 6(b) shows the eye diagrams of the signal after the OBPF. Fig. 7 shows the spectra of the decoded signal after the DFF and after the OBPF for different numbers of users. As shown in Fig. 7 , the band cutout by the OBPF approached 1550 nm as the number of users increased. This resulted from SNR degradation. Finally, the signal was data-rate detected by an optical packet receiver, followed by a 7.8-GHz low-pass filter (LPF), and measured by an error detector (ED).
The bit error rates (BERs) shown in Fig. 8 were measured with different numbers of users for both (a) back-to-back (B-to-B) and (b) 50-km transmissions. In the B-to-B experiment, the 40-m SMF was replaced with an RDF before the DFF. In the worst case scenario for OCDMA networks, errorfree transmission in the ten-user case was achieved for the four decoders. Fig. 9 shows the average power penalty against the number of users for a BER of 10 −9 together with the theoretical calculations. Formulas that have been developed in [21] have Fig. 7 . Measured spectrums of the decoded signal, generated SC, and the signal after OBPF.
been used here for theoretical calculation. In the calculation, an average interference level of ξ ≈ −27 dB and an ideal optical thresholder that can eliminate the MAI noise outside the autocorrelation peak completely are assumed. In the case without the optical thresholder, the experimental results agree with the theoretical calculations very well. In the case with the optical thresholder, the deviations between the experimental and theoretical results were mainly due to the nonideal optical thresholding, which means further improvement of the optical thresholding will enable us to accommodate more users.
Although we first measured the BER in the worst signalmultiplexing case possible, we also measured it in two other cases: (case 1) the same polarization states and random time delays and (case 2) random polarization states and time delays. The average powers were the same. Fig. 10 shows the results and the original case (the worst case scenario) for the ten-user case and decoder 1. In all these cases, an error-free transmission was achieved. These results show that the power penalty of the original case was the highest.
In addition, we also measured the BER without the SCbased optical thresholding for B-to-B and 50-km transmissions with random polarization states and time delays. As shown in Fig. 10 , an error-free transmission was not achieved for ten users but for at most seven users (B to B) and at most six users (50 km). As shown in Fig. 9 , the experimental results agree well with the theoretical results, indicating that the 511-chip SSFBG en/decoders have good correlation properties. Moreover, the success of this ten-user experiment is due to the use of SCbased optical thresholding.
V. CONCLUSION
A ten-user truly asynchronous OCDMA transmission experiment has been demonstrated at 1.25 Gb/s for the first time, where we investigated several possible cases in practical OCDMA systems by using PCs and TODLs. An errorfree transmission was achieved for four decoders for all cases without any timing coordination due to the use of the 511-chip SSFBG en/decoders as well as SC-based optical thresholding. Further improvements in these devices will further enhance the multiuser high-speed access capabilities of OCDMA systems.
